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Within the framework of the Minimal Supersymmetric Standard Model (MSSM) the Higgs masses and LEP II production cross sections are calculated for a wide range of the parameter space. In addition, the parameter space restricted by unification, electroweak symmetry breaking and other low energy constraints is considered in detail, in which case the masses of all SUSY partners can be estimated, so that their contributions to the radiative corrections can be calculated. Explicit analytical formulae for these contribution are derived. The radiative corrections from the Yukawa couplings of the third generation are found to dominate over the contributions from charginos and neutralinos. Large Higgs mass uncertainties are due to the top mass uncertainty and the unknown sign of the Higgs mixing parameter. For the low tan β scenario the mass of the lightest Higgs is found to be below 103 GeV for a top mass below 190 GeV. The cross section at a LEP energy of 192 GeV is sufficient to find or exclude this low tan β scenario for a top mass below 180 GeV. For the high tan β scenario only a small fraction of the parameter space can be covered, since the Higgs mass is predicted between 105 and 125 GeV in most cases. At the theoretically possible LEP II energy of 205 GeV part of the parameter space for the large tan β scenario would be accessible.
Introduction
In recent years the Minimal Supersymmetric Standard Model (MSSM) [1] has become the subject of intensive investigation. It is the simplest extension of the Standard Model (SM) which involves supersymmetry and provides us with a promising candidate for a Grand Unified Theory [2] .
One of the striking features of the MSSM is the strict prediction of the lightest Higgs boson, since the Higgs coupling constant is not an arbitrary parameter, but fixed by the gauge couplings leading to a tree-level mass less than M Z : m h ≤ M Z .
Since Higgs masses up to M Z will be observable at LEP II after its energy upgrade to 192 GeV, the prediction of the Higgs mass spectra and calculation of the cross section has been the subject of large working groups [3] . If the radiative corrections are included, one obtains an upper limit of about 150 GeV for the lightest CP-even Higgs mass [4, 5] .
A more precise prediction can be obtained, if one considers simultaneously the constraints for which the constrained MSSM (CMSSM) has become so attractive, namely the unification of the three gauge couplings, radiative electroweak symmetry breaking (EWSB) at the M Z scale and unification of the Yukawa couplings [6, 7, 8] .
Assuming soft supersymmetry breaking at the GUT scale, all the masses of the superpartners and the Higgs bosons can be expressed in terms of five free parameters [9] . Strong constraints and correlations between these parameters can be obtained from fits to low energy data. In this case the loop corrections to the Higgs masses from all SUSY particles can be calculated. Up to now only the corrections of the (s)top-(s)bottom sector have been considered.
It is the purpose of this letter to present the complete set of analytical expressions of the one-loop radiative corrections to the masses of the neutral Higgs bosons, including the D-terms proportional to the electroweak gauge couplings, and taking into account the contributions from all particles of the MSSM. The results will be compared with second order mass calculations [10] and the corresponding cross sections at LEP II for the Higgs-strahlung will be calculated. Within the CMSSM the associated pair production e + e − → hA is negligible at LEP II, as will be shown below.
One-loop effective Higgs potential
The one-loop effective Higgs potential in the MSSM can be written as [11] :
where the sum is taken over all particles in the loop; c k = c colour c charge with c colour = 3(1) for coloured (uncoloured) particles and c charge = 2(1) for charged (neutral) particles, J k is the spin and m k are the field-dependent masses of the particles in the loops at the scale Q. Expressions for m k have been summarized in Appendix A.
Due to EWSB the Higgs doublets
Usually one considers the mass of the CP-odd Higgs m A and tan β as the two independent parameters of m h and m H . However, the radiative corrections depend on the masses of all particles running in the loops. These would represent many additional free parameters, if all considered independent. Therefore we will consider the supergravity inspired MSSM, in which all particle masses depend on 5 parameters at the GUT scale: the common breaking mass m 0 for all spin 0 sparticles (squarks and sleptons), the common breaking mass m 1/2 for the spin 1/2 gauginos, the Higgs mixing parameter µ, the bilinear Higgs coupling B and the trilinear couplings
The bilinear coupling B is related to m 3 through m 2 3 = Bm 0 µ and can be expressed through the ratio v 2 /v 1 ≡ tan β of the two vacua expectation values at the scale M Z after substituting this relation into eq/ 3. Within this framework all one-loop corrections can be calculated.
For given values of m 0 and m 1/2 the parameters related to the Higgs sector (µ, tan β, A 0 ) are strongly constrained by EWSB and bottom-tau unification [6, 7, 8] . The latter constraint yields two preferred solutions for m t = 179 ± 12 GeV [12] : the low tan β scenario (tan β ≈ 1.8) which corresponds to a top Yukawa coupling much larger than the bottom Yukawa coupling Y t ≫ Y b and the high tan β scenario (tan β ≈ 45) with Y t ≈ Y b .
CP-odd Higgs Mass
The masses of the CP-odd neutral Higgses are given by the eigenvalues of the matrix (10)
M 1 and M 2 are the masses of the U(1) Y (Bino) and SU(2) L (Wino) gauginos, respectively. In principle the sum is taken over all sparticles, but since the contribution is proportional to the Yukawa coupling, the contributions from the first two generations are negligible and one can take k = t, b, τ ; c k is the colour/charge factor (c k = 2 for sleptons and c k = 6 for squarks), s k = sin −2 β for up squarks and s k = cos −2 β for down squarks and sleptons; λ k are the neutralino masses, which can be obtained from the numerical solutions of the quartic equation F (λ) = 0 defined in Appendix A, and D(λ k ) is its derivative with respect to λ k . The function f (λ 2 k ) is defined in eq. (6) . The renormalization scale Q is taken to be of the order of the electroweak scale (M Z or the pole mass of the top quark M t ).
CP-even Higgs Masses
The masses of the CP-even neutral Higgses H and h are determined by the mass matrix If m A ≫ M Z and if one considers only the contributions from the (s)top sector the formulae for the lightest Higgs can be approximated as [14, 15] :
and v = 174 GeV. Here the last terms proportional to m 6 t and the strong coupling constant α s take into account the most relevant two-loop corrections (which are absent in eq. 14). M SU SY is a typical scale of the squark masses, which can be defined as the arithmetic average of the stop squared mass eigenvalues for not too large stop mass splittings.
It is important to note that the value of the trilinear coupling A t at the electroweak scale is no free parameter, at least for low values of tan β. In that case A t (M Z ) goes to a fixed point solution, i.e. its value becomes independent of the starting value A 0 at the GUT scale. This is demonstrated in fig. 1 for several values of (m 0 and m 1/2 ) and can be easily understood for the solution of the RGE's in case Y b ≪ Y t :
where Y f is the fixed point solution of the Yukawa RGE and the numerical coefficients are taken from ref. [7] . For m 1/2 > m 0 /6 the last term is dominating, as long as |A 0 | < 3 (in units of m 0 ), which is the typical range for which tachyonic solutions and colour breaking minima in the scalar potential are avoided. For large values of tan β there is no simple analytical solution for A t , since the bottom-and tau-Yukawa couplings cannot be neglected and the fixed point behaviour is much less pronounced.
The Higgs mixing parameter µ can be determined from radiative electroweak symmetry breaking. Substituting
into eq. 2 yields:
The dependence of µ on m 0 and m 1/2 is shown in fig. 2 . Due to the strong tan β dependence in eq. 18, the values are much smaller for the high tan β scenario. One observes that EWSB determines only µ 2 , so the mixing parameterÃ t in the stop sector can be either large or small, depending on the relative sign of µ and A t . Both cases will be discussed.
Note that the mass of the CP-odd Higgs boson rises with µ 2 (see eqs. 9 and 17), so the Higgs mass m A is in practice always much larger than M Z , if one determines µ from EWSB, at least for the low tan β scenario. For large values of tan β µ can become small (see eq. 18), in which case m A is not necessary small compared with M Z . Then m h becomes dependent on m A and the approximate formula (eq. 15) breaks down. 
Numerical Results
With the Higgs parameters µ and tan β determined from EWSB and bottom-tau unification, one can calculate all sparticle and Higgs masses as function of (m 0 and m 1/2 ) including the corrections from all (s)particles in the loops. Since the CP-odd Higgs mass m A is always much larger than M Z (see fig. 3 ), the mass of the lightest Higgs is mainly a function of the top mass only, since the m A dependence drops out, as discussed above and tan β is determined by the bottom-tau unification condition. The top dependence is shown in fig. 4 for various cases. The upper scale indicates the value of tan β corresponding to the top mass, as derived from bottom-tau unification. One observes the large one-loop corrections (upper lines) compared to the Born term (lowest lines) and the two-loop corrections [10] in-between. The dependence on the sign of µ, which mainly influences the mixing parameterÃ t , as discussed above, is shown by the grey area. Positive values of µ are not allowed for the large tan β scenario, because the large positive corrections to the bottom mass prohibit bottomtau unification in that case. These corrections are small for small values of tan β, so in that case one can choose either sign of µ (EWSB determines only µ 2 ). Positive values of µ increase m h by 6 to 14 GeV, so the sign is quite important.
The dominant contributions originate from the Yukawa couplings of the third generation, as demonstrated by the dashed lines in fig. 4 : the Higgs masses including the third generation particles in the loops differ less than 3 GeV from the masses including the full corrections. For the large tan β scenario the largest contribution originates from the sbottom sector, as shown in Appendix D, where the individual contributions from all particles have been summarized. The masses of all SUSY particles are given too.
Note the large single contributions to Σ 1 and Σ 2 . However, if the masses of the
pseudo. Higgs [GeV] low tan β high tan β left and right handed partners are equal, they cancel in the sum of Σ 1 and Σ 2 . The contributions from Higgses, charginos, neutralinos and sparticles of the third generation with a large mixing between left and right handed partners does not cancel and one obtains large one-loop corrections. For the lightest Higgs the large contributions from Σ 1 and Σ 2 are partially cancelled against the corrections in ∆ ij , since they contain similar terms with opposite signs (
in eqs. 4, 5 and eq. 12). In the formula for the Higgs mass (eq. 7) these corrections are summed. Nevertheless, at large tan β the resulting corrections are still large, as can be seen by adding the bottom lines of tables 2, 3 and 4. Note that the Σ 1(2) contributions of table 2 must be weighted by 1 sin 2β ≈ 0.05, as can be seen from eqs. (3) and (14) .
The curves on the left side in fig. 4 are shown for m 0 = 200, m 1/2 = 270, which is the solution yielding the best fit to the low energy constraints [8] . On the right hand side m 0 and m 1/2 are set to 500 GeV, thus yielding upper limits on m h for the low tan β scenario.
Numerical values for the low and high tan β scenario have been summarized in table  1 of the CMSSM is out of reach. Also the channel e + e − → hA is not accessible at LEP II for most of the parameter space because of the large values of m A predicted in the CMSSM (basically because of the large value of µ required by EWSB).
Summary
Within the framework of the Minimal Supersymmetric Standard Model (MSSM) the Higgs masses and LEP II production cross sections have been calculated including the D-terms and complete one-loop contributions of all sparticles, for which explicit analytical formulae are derived. As expected, the radiative corrections from the Yukawa couplings of the third generation dominate over the contributions from charginos and neutralinos. For the low tan β scenario the mass of the lightest Higgs is found to be below 103 GeV for a top mass below 190 GeV. The cross section at a LEP energy of 192 GeV is sufficient to find or exclude this low tan β scenario for a top mass around 180 GeV. For the high tan β scenario only a small fraction of the parameter space can be covered, since the Higgs mass is predicted between 105 and 125 GeV in most cases. Table 1 : Masses of the Higgs particles for the small and large tan β scenarios. The column with t, b, τ has only contribution from the third generation of particles, All includes all particles in the loop and +HO includes second order corrections from the renormalization group resummation, as given in ref. [14] . for the low and high tan β scenario on the left and right hand side,respectively. The top mass was taken to be 179 GeV and the sign of µ is negative, as required for the high tan β solution, but chosen negative for low tan β. A positive value would increase the Higgs mass by 6 to 14 GeV for low tan β , thus lowering the Higgs-strahlungs cross sectione + e − → hZ 0 , shown in the second row, even more. For high tan β the cross section is practically zero at the foreseen LEP II energy of 192 GeV, so only the cross section at the theoretically possible LEP II energy of 205 GeV is shown. The kinematical reach of the parameter space is shown by the contours of the third row: the whole parameter space can be covered for the low tan β scenario, while for high tan β the kinematic reach is about m 1/2 < 450 GeV and the solid line is the contour for σ = 0.2 pb, which is roughly the exclusion limit [3] . 
Appendix A
In this appendix we summarize the tree-level field-dependent masses of all particles contributing to the one-loop corrections to the effective Higgs potential.
Quark and Lepton Masses. 
Higgs Boson Masses.
Chargino and Neutralino Masses. The chargino mass matrix is:
where M 2 is the mass of the SU (2) L gaugino, the Wino. After diagonalization one obtains:
The neutralino mass matrix is:
Again M 2 is the mass of the Wino, whereas M 1 is the mass of the U (1) Y gaugino, the Bino. The neutralino massesm χ 0 are the roots λ k of quartic equation F (λ) = 0, where
Squark and Slepton Masses. The top and the bottom squark and tau-slepton masssquared matrices:
The diagonalization of these matrices yields expressions for the masses of the third generation squarks and sleptons:
The mass eigenstate for the massive third generation sneutrino is:
where M L is the breaking mass of the 3. generation Sleptons of the SU (2) L doublet.
Appendix B
We present here analytical formulae for the contributions from all particles to Σ 1 and Σ 2 from eqs. (4) and (5).
Here analytical formulae for the contributions from all particles to ∆ 11 , ∆ 22 and ∆ 12 in eq. (12) are presented.
Contribution from W ± , Z 0 .
where
Chargino contribution.
Neutralino contribution.
Bottom-sbottom contribution. Tau lepton-slepton contribution. 
